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Abstract
The bridging eect of a series of common cations between the anionic mica surface
and the AOT anion has been studied in a condition of constant ionic strength and
surfactant concentration. It was found that sodium ions did not show any bridging eect
in this system; however, calcium, magnesium, and potassium all caused adsorption of
the organic to the mica surface. The concentrations at which bridging occurred was
probed, revealing that only a very low bridging cation concentration was required for
binding. The bridged layer stability was also investigated and the interaction was shown
to be a weak one, with the bound layer in equilibrium with the species in the bulk and
easily removed. Even maintaining ionic strength and bridging ion concentration was
not sucient to retain the layer when the free organic in solution was removed.
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Introduction
Adsorption behaviour at interfaces governs many natural and industrial processes, and as
such gaining greater understanding of these processes is of considerable academic and com-
mercial importance. Electrostatic interactions frequently play a key role in determining ad-
sorption behaviour, and there are numerous examples of studies into adsorption of charged
surfactants onto oppositely charged surfaces.1 It has been found that adsorption of anionic
surfactants on surfaces of the same charge can in fact occur when certain cations are present;
this has been described as cation `bridging'. It was assumed that only divalent (or higher
valency) ions could lead to this `bridging' and that monovalent ions would not cause binding.
Numerous examples of divalent ions bridging have been reported, including on silica,2 mica3
and montmorillonite.4 This form of binding has been suggested as a mechanism of crude oil
adsorption onto mineral surfaces.5
We have recently shown that it is also possible for monovalent ions to facilitate adsorption
between an anionic surfactant and an anionic surface.6 It was experimentally observed that
the monovalent Cs+ caused binding between the anionic mica surface and the organic aerosol-
OT anion (AOT, sodium bis(2-ethylhexyl) sulfosuccinate), and it was suggested that it was
the relatively large ionic radius and associated lowered charge density and weaker hydration
of the Cs+ ion that allow it to bridge.
In this work the surfactant AOT has again been used to investigate selective ion binding
behaviour. The structure of AOT is given in Figure 1; the key group involved in the bridg-
ing interaction is the sulphonate anion. This surfactant has been used extensively in the
literature,7 including for prior work into cation binding2,3,6,8 in part because the counterion
may be exchanged using the methods of Eastoe et al. 9 . Previous studies into cation binding
have utilised the pure AOT salt of the cation under investigation. In commercially relevant
systems however, there will often be multiple cations competing for the surface and organic
species. Ion exchange of AOT is also a non-trivial process and adds complexity, as well as
the possibility of introducing surface active hydrolysis products of the AOT. In this work
2
we have utilised the readily available sodium AOT salt at a xed concentration and added
other cations of interest into solution.
Figure 1: Structure of sodium bis(2-ethylhexyl) sulfosuccinate, NaAOT.
Behaviour at the surfaces of clay minerals is of particular interest in oil recovery, as clays
are present in many sandstone reservoirs and can be pore lining10 meaning that this is the
mineral actually in contact with the oil. There is also evidence that the presence of clays is
linked to which reservoirs show incremental recovery from lowered salinity water ooding.11
Muscovite mica provides a convenient model system for the basal surface of clay minerals.
Mica has been utilised extensively as a substrate for many surface techniques due to the
perfect basal cleavage that the crystal exhibits. This can yield surfaces which are atomically
at over the order of square centimetres in area.12 Mica carries a negative surface charge
from isomorphic substitution of Si4+ by Al3+ in the tetrahedral layer of the mineral, giving a
negative charge site per 47 Å2 area.13 In the natural material this charge is compensated by
K+ present between the mica sheets and on the exposed basal surfaces. In aqueous solution
these ions can dissociate or be exchanged for other cations.
Probing behaviour at buried interfaces is a complex problem which requires specialised
techniques. Introducing an external probe, such as in atomic force microscopy, has the poten-
tial to perturb the system either by inducing ordering through `frontal connement'14,15 or
by removal of transiently bound species. Neutron and X-ray reectivity are well established
techniques which can be used to gain information about buried interfaces in a specic and
non-invasive manner.16 The contrast between hydrogen and deuterium as seen with neutrons
makes this the preferred technique for hydrocarbon surfactant systems. Historically reec-
tivity from mica has been complicated by attenuation of neutrons by the mica structure,
and waviness in unsupported crystals. For X-ray reectivity this waviness issue was over-
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come by the innovative bent-crystal mounting system of Briscoe et al. 17 , though signicant
complication is added to the data analysis by this set-up. The method of Browning et al. 18 ,
using a mica crystal supported on a polished silicon wafer, has since been shown to provide
a reliable mounting option for neutron reectivity and it is the one used in this work.
Experimental
Materials
Sodium chloride (Sigma-Aldrich, ≥ 99.5%), calcium chloride dihydrate (Sigma-Aldrich, ≥99%),
magnesium chloride hexahydrate (Sigma-Aldrich, ≥ 99%), potassium chloride (Sigma-Aldrich,
≥ 99%) and sodium bis(2-ethylhexyl) sulfosuccinate, NaAOT, (Sigma-Aldrich, ≥ 99%) were
used as received. All solutions were made up in D2O supplied by the ILL and ISIS facilities
(Sigma-Aldrich, 99.9 atom % D). Solutions of reagents were prepared at higher concentra-
tions, but all well below the respective solubility limits, and pumped and mixed or diluted
using an HPLC pump to give the desired concentrations in the cell. Solubilities of all resul-
tant solutions were checked prior to the experiment and no precipitation or turbidity was
visible in any case.
High quality sheets of clear ruby muscovite mica, 25 µm by 100 mm by 50 mm, were
supplied by Attwater and Sons Ltd. Silicon wafers, n-typed doped with crystallographic
orientation (111) and dimensions 10 mm by 100 mm by 50 mm, polished to a roughness of
≤ 5 Å were purchased from Crystran.
Reectivity substrate preparation
Substrates for neutron reectivity measurements were prepared using the method of Brown-
ing et al. 18 , with the modication of Grin et al. 19 to a larger substrate size. The prepara-
tion is only described in brief here. A low viscosity UV-curable glue (Loctite 3301) was spin
coated onto a highly polished silicon wafer which had been nitric acid cleaned. A mica sheet
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was cleaved with adhesive tape and clamped against the glue layer by a highly polished Pyrex
block (OptoSigma). The glue was cured with a UV lamp (UVP CL-1000, λ 254 nm) and
the mica was cleaved again to yield a fresh top surface. This was UV/O3 cleaned (BioForce
Nano) for 20 minutes, then clamped against a teon trough to form the reectivity cell.
The cell was initially lled with care by hand, to avoid trapping bubbles, and subsequent
solution exchanges were carried out with an HPLC pump using a volume of 30 ml and a
ow rate of 2 ml/min. Previous work has shown this to be more than sucient for complete
exchange of the cell solution. HPLC lines were ushed between dierent solutions to avoid
contamination.
Neutron reectivity measurements
Neutron reectivity measurements were carried out on the D17 reectometer20 at the Institut
Laue-Langevin, Grenoble, and the OFFSPEC reectometer21 at the ISIS neutron facility,
Oxfordshire . At D17 incident angles of 0.8◦ and 3.2◦ were chosen to cover the necessary
range in momentum transfer normal to the surface, dened as Qz = 4πλ sin(θ) where λ and
θ are the wavelength and incident angle of the neutron respectively. Due to the narrower
wavelength distribution at OFFSPEC three angles were used to cover the desired range in
Qz for these measurements; 0.3◦, 0.9◦, and 2.3◦. Both instruments were operated in time-
of-ight mode, using the time taken for the neutron to reach the detector to determine the
wavelength of neutrons in a pulse produced either by choppers or the spallation process.
Reectivity Data Analysis
Data collected on the two instruments was processed in the usual manner. The `coherent
summation' method of Cubitt et al. 22 , implemented in the data reduction software COS-
MOS,23 was utilised on the data from D17 to allow for a small degree of curvature of the mica
surface, and for OFFSPEC data was reduced in Mantid.24 For D17 a region of the multi-
detector outside the specular condition was used to subtract the background from the data.
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Any remaining background was accounted for during data tting, as was the background in
data collected on OFFSPEC.
Due to slight imperfections away from the idealised crystal structure of the natural mica
mineral the classically forbidden half Bragg peak at 0.32 Å-1 is visible for some substrates.
In these cases the data was truncated at 0.24 Å-1, just below the onset of the peak, for the
purposes of tting to avoid contribution from the Bragg peak to the tting routine. The full
reectivity proles are still displayed in gures.
Neutron reectivity data is conventionally tted using a model consisting of a series of
layers, each of which is characterised by a scattering length density (SLD), thickness, and
roughness. In the substrates used in this work the glue and mica layers are thicker than the
coherence length of the neutrons. This results in the need for a dierent analysis approach
where for these `thick' layers the sum of the intensity of the waves passing through the layers
must be considered, rather than the sum of the amplitudes of the waves as is the case for
`thin' layers such as the silicon oxide layer. Due to this added complexity, data tting was
carried out using a custom routine based on the I-CALC program, the specics of which are
described in detail elsewhere.18 This routine also deals appropriately with the wavelength
and path length dependent attenuation of the neutron beam in the glue and mica.
The SLD of a material may be calculated from the volume average of the sum of the
scattering lengths of the nuclei present. Molecular volume may be estimated from the bulk
density of a material. During data tting the volume fraction of solvent inclusion in a layer
may be found, by allowing the SLD of that layer to vary between the SLD of the pure solvent
and that of the unhydrated layer. Scattering length densities of the materials used in this
work are given in Table 1.
It is noted that the structures tted to adsorbed layers in this work are based on tting
of only one contrast in each case, and are not necessarily a unique t to the data. However,
the primary conclusions of this work do not depend on the specics of the layer structures.
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Table 1: Scattering Length Densities of Materials.
Material SLD / ×10−6 Å-2 Material SLD / ×10−6 Å-2
Silicon 2.07 D2O 6.30
Silicon oxide 3.49 CMMi† 3.79
Glue 1.08 KAOT 0.65‡
Mica 3.79 Ca(AOT)2 0.63‡
H2O -0.56 Mg(AOT)2 0.64‡
† CMMi refers to water contrast matched to the mica substrate, to aid tting of the silicon, silicon
oxide, and glue layers. ‡ The SLD values for the respective AOT salts are computed based on a
molecular volume of 641 Å3 for NaAOT,6 as calculated from the bulk density, and the assumption
that the metal cation takes up a small enough volume that cation exchange does not change the
overall volume. This assumption extends to divalent ions where there are two AOT anions per
cation.
Results
For adsorption measurements the concentration of AOT was xed at the critical micelle
concentration (CMC) of the sodium salt of AOT, 2.5 mM.25 To allow a comparison between
added cations, the initial concentrations of non-sodium inorganic salts added to the AOT
solution was matched to the CMC of the pure AOT salt of that cation. For example the
added [Ca2+] was 0.5 mM as the CMC of Ca(AOT)2 is 0.5 mM. The CMCs of the dierent
AOT salts of the cations used are given in Table 2.
Table 2: CMCs of relevant AOT salts.





As ionic strength can aect adsorption characteristics, particularly for ionic surfactants,







where ci and zi are the concentration and charge of ion i respectively. This would give
certainty that any eects shown were due to the nature of the cations present and not
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an ionic strength change. Using NaAOT at 2.5 mM and adding MgCl2 up to the CMC
of Mg(AOT)2 resulted in an ionic strength of 6.25 mM, so this ionic strength was used
consistently. Ionic strength was controlled where required with the addition of NaCl.
Characterisation of the mica surface
A bare mica substrate was rst characterised in three water contrasts. Fitted parameters
co-rened to the three datasets are shown in Table 3, and the reectivity data and ts are
shown in Figure 2. The tted values are physically reasonable, and in line with those from
previous studies.29
Table 3: Fitted parameters for bare mica surface.
Material Thickness Roughness / Å
Silicon 4 ± 2
Silicon oxide 15 ± 2 Å 4 ± 2
Glue 14 ± 1 µm 15 ± 3
Mica 18 ± 1 µm 5 ± 2
Figure 2: Reectivity proles of the bare mica surface in D2O (blue, oset by factor of 100),
CMMI (water contrast matched to mica) (red, oset by factor 10), and H2O (magenta).
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NaAOT with elevated ionic strength
NaAOT at the CMC (2.5 mM) was then introduced to the mica surface and the sample
remeasured. No change in reectivity was observed compared to the bare surface in D2O
indicating no adsorption, which is consistent with prior observations.3 NaAOT with added
NaCl, to raise the ionic strength to 6.25 mM, was then introduced and again no adsorption
was observed. These results are shown in Figure 3.
Figure 3: Reectivity proles of mica exposed to NaAOT with ionic strength raised to 6.25
mM by NaCl addition (blue, oset by factor of 100), NaAOT (red, oset by factor 10), and
D2O (magenta).
Dierent mica samples were used for each of the three additional cations investigated to
prevent any uncontrolled eects of salt history on the surface behaviour. The lack of any
adsorption of NaAOT at raised ionic strength was veried on every mica crystal used.
Calcium bridging
When a solution of NaAOT at 2.5 mM with added CaCl2 at 0.5 mM and NaCl at 2.25
mM (to x the ionic strength at 6.25 mM) was introduced to the mica surface a clear
change in reectivity prole was observed, indicating adsorption of some material, as given
in Figure 4. A single layer model could not be tted to the data, but it was found that a
structure consisting of a water layer between the mica surface and an unhydrated surfactant
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layer closely reproduced the observed data. Reectivity data with calculated ts and the
associated SLD prole are shown in Figure 4.
As it has been shown that the Na+ counter ion of the AOT does not lead to a bridging
interaction, adsorped species have been referred to as the AOT salt of the bridging counterion
in question. For example the adsorped species from a solution of NaAOT with added CaCl2
is referred to as Ca(AOT)2.
(a) (b)
Figure 4: Reectivity proles for the mica surface in D2O (blue) and when Ca(AOT)2 had
adsorbed (red) (Figure 4a), and SLD prole of the tted layer structure (Figure 4b).
Table 4: Fitted parameters for Ca2+ bound structure.
Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
Water 6.30 8 ± 2 1 ± 1 -
Ca(AOT)2 0.63 18 ± 1 1 ± 1 0 ± 3
Magnesium bridging
A fresh mica surface was characterised as before in three water contrasts. Fits to the data
and model parameters are shown in Supplementary Information Figure S1 and Table S1.
NaAOT at 2.5 mM with MgCl2 at 1.25 mM was introduced to the cell and the reectivity
prole measured. Again a large change was visible, indicating adsorption of an organic layer.
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Various models were considered during data tting, and the least complex model which
could replicate the experimental results was found to be a four layer t consisting of a water
layer adjacent to the mica, followed by two surfactant layers with an intervening water layer.
In this t the thicknesses of the two surfactant layers were constrained to be the same.
(a) (b)
Figure 5: Reectivity proles for the mica surface in D2O (blue) and when Mg(AOT)2 had
adsorbed (red) (Figure 5a), and SLD prole of the tted layer structure (Figure 5b).
Table 5: Fitted parameters for the Mg2+ bound structure.
Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
Water 6.30 6 ± 1 1 ± 1 -
Mg(AOT)2 0.64 16 ± 1 1 ± 1 0 ± 5
Water 6.30 13 ± 1 1 ± 1 -
Mg(AOT)2 0.64 16 ± 1 1 ± 1 0 ± 5
After layer removal, discussed in more detail later, introducing the same solution back to
the cell resulted in a very similar reectivity prole to the initial layer, showing repeatability
and reversibility of this adsorption process. The reectivity proles from the initially formed
layer and after desorption then readsorption are shown in Figure 6.
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Figure 6: Reectivity data of the initial Mg(AOT)2 layer (red) and after readsorption (ma-
genta), revealing a very similar prole. Bare mica in D2O is shown for comparison (blue).
Potassium bridging
A further new mica surface was again fully characterised, with ts and parameters given in
Supplementary Information Figure S2 and Table S2. NaAOT at 2.5 mM, with KCl at 2.8
mM and NaCl at 0.95 mM was introduced to the cell. The measured reectivity is shown
in Figure 7a and again layer formation was seen, though a dierent adsorbate structure is
evident from the reectivity prole when compared to the other cations.
Table 6: Fitted parameters for the K+ bound structure.
Layer SLD / ×10−6 Å-2 Thickness / Å Roughness / Å Hydration / %
KAOT 0.65 18 ± 2 1 ± 1 0 ± 3
The t could be improved moderately by adding a water layer between the mica and
AOT with a thickness of 2-3 Å, although this is less than the roughness associated with the
mica surface and so it was not deemed a reasonable parameter to include.
Concentration dependence of calcium bridging
The concentration at which bridging still occurred in the calcium system was further probed.
The same mica crystal which had been used for Ca(AOT)2 adsorption was utilised, after layer
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(a) (b)
Figure 7: Reectivity proles for the mica surface in D2O (blue) and when KAOT had
adsorbed (red) (Figure 7a), and SLD prole of the tted layer structure (Figure 7b).
desorption and exchange of the cell into D2O. Using a concentration of Ca
2+ reduced to 0.05
mM, 10% of the initial value used, while maintaining the same ionic strength and concen-
tration of AOT ([CaCl2] = 0.05 mM, [NaAOT] = 2.5 mM, [NaCl] = 3.6 mM) resulted in an
essentially identical reectivity prole as at the initial calcium concentration for layer adsorp-
tion. This shows that the same structure adsorbs even at this much reduced concentration
of the bridging ion. Concentrations of Ca2+ below 0.05 mM were not tested.
Figure 8: Reectivity proles from the mica exposed to the initial solution concentration of
Ca2+ (blue) and identical prole produced when [Ca2+] was reduced to 0.05 mM, 10% of the
initial value (red). The same structure is clearly present in both cases.
13
Layer removal
To probe the stability and strength of binding of the adsorbed layers, the desorption be-
haviour of both the calcium and magnesium bridged structures was studied. In both cases
the cell solution from which bridging was observed was directly exchanged to a solution of
the same ionic strength (controlled with NaCl) and same concentration of calcium or mag-
nesium respectively, but without any AOT. In both cases the reectivity prole returned to
that of the bare mica substrate, as shown in Figure 9, revealing complete desorption of any
organic from the surface.
(a) (b)
Figure 9: Data showing the complete desorption of bound layer structures when the solution
was exchanged to a solution of the same ionic strength and binding ion concentration but
with no AOT. Calcium binding is shown in Figure 9a and magnesium binding in Figure 9b.
Discussion
Ion dependent bridging interactions
This work builds on previous investigations into the question of which cations are capable
of binding anionic molecules to an anionic surface. While magnitude of charge clearly plays
a role in determining this behaviour, the charge density of the cation also appears to be
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important. Within the monovalent ions, we have previously shown that the relatively large
and less well hydrated Cs+ ion was capable of binding6 whereas the higher charge density
and more hydrated Na+ did not, with these measurements conducted at the CMC of the
relevant ion. It was postulated that as Group 1 is ascended and the charge density increases,
there will be some break point at which ions no longer cause binding. By showing that
K+ also causes cation mediated binding whereas Na+ does not, even with increased [Na+]
relative to the pure NaAOT salt, we have further localised the point in Group 1 at which this
occurs to between K+ and Na+. Tetraalkylammonium ions with longer side chains, having
even larger ionic radii and lower hydration energies, might also be expected to bridge, in a
manner analogous to their eect on swelling of clay minerals.
In all the tted structures the surfactant layer thickness is of the order of the measured
monolayer thickness of ∼18 Å.25,30 The mica surface is hydrophilic, and it would be ener-
getically unfavourable for the surfactant molecules to order such that the hydrophobic tails
are all oriented towards either the mica or to water. We therefore suggest that while the
structures are essentially monolayers based on the thickness parameters, there will be signif-
icant disorder and dierent orientation of the molecules to allow head groups to be present
on both sides of each unhydrated surfactant layer. More complex tting models consisting
of separated surfactant head and tail regions could present slightly thicker adsorbed layers,
with solvated head groups more closely matching the solvent SLD, but the simplest model
consistent with the experimental data was adopted. The added ionic strength will lead to a
reduced Debye length from greater screening between charged species, and could therefore
inuence closer packing than has been seen in some pure salt solutions where bilayer thick-
nesses have been observed in the range 31 - 38 Å for the calcium system.2,3 Dense packing
is also consistent with the unhydrated nature of the layer from the ts to the data.
In the studied regime we see multilayering only from Mg2+, and not from Ca2+ or K+.
The phenomenon of multilayering at the air/solution interface has been extensively reviewed
by Thomas and Penfold 31 , and using their nomenclature the structure formed in the added
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magnesium case may be referred to as a S 2 structure. For the solution/mica interface the
hydrophilic nature of the surface will favour a more bilayer like rst adsorbed structure in
contrast to the air/water interface, but behaviour of subsequent layers might be expected to
be similar in the two cases. It has been shown previously that Ca(AOT)2 can form multi-
layered structures on mica at the CMC (0.5 mM) with up to four bilayers and intervening
water, and signicantly more layers at twice the CMC.3 In the system studied here the
Ca2+ concentration is the same as in that work, but the [AOT] is higher in our case, at 2.5
mM. The presence of additional adsorped layers for magnesium addition may be due to the
ratio between cation:[AOT] being approximately that required for charge neutrality at 1.25
mM:2.5 mM (as would be present in the pure Mg(AOT)2 salt), when compared to 0.5 mM:2.5
mM for the added calcium case. If this ratio is key in determining multilayer formation then
it might be expected that further increasing the calcium concentration to 1.25 mM might
induce this behaviour, subject to the constraints of solubility. No multilayering is observed
in the added potassium case despite the relative concentrations of potassium and [AOT]
being close to charge neutrality (2.8 mM:2.5 mM), but it may be the case that multivalent
ions are a necessary condition for multilayer formation.32,33 Multilayering is clearly a process
sensitive to multiple factors, and our conclusions are focussed on the presence or absence of
adsorption rather than the specics of the structures.
Molecular dynamics simulations by Kobayashi et al. 34 suggested that Na+ and Mg2+
would bind organic acids to mica via a water mediated interaction, whereas K+ and Ca2+
would bridge directly. Our results are not fully consistent with these ndings in that a water
layer was required to satisfactorily t the structure of the Ca2+ bound layer, and even at
elevated concentrations Na+ was never found to bridge. The simulations did however propose
that the Na+ binding strength was the weakest of the ions investigated. The sulfonate head
group of AOT may also dier in behaviour to an acid, as discussed in more detail later.
Consistent with the simulation, we did nd that the K+ layer appeared to have little if any
water layer between the mica and surfactant. Our suggestion for the mechanism of cation
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bridging is one in which the surface charge sites, cations, and anionic head group must all
lose some degree of hydration to come together and bridge. The multivalent cations will be
more strongly solvated by the water molecules, and if only partial loss of hydration of the
cation occurs on bridging then a water/ion layer would be expected. The thicknesses tted
to the water layers for the added magnesium and calcium case are of the order of a few water
molecules, which is consistent with this model.
At the lowest Ca2+ experimentally tested (0.05 mM) the ratio of Na+:Ca2+ is greater
than 100:1 and yet binding of a layer to the mica is still observed. Clearly the relative
anity of the Ca2+ for both the mica and the AOT ion is so great that it can successfully
out-compete the Na+. The relative concentrations at which this is no longer the case will be
the subject of future study. Whether AOT adsorped to a mica surface which had previously
been exposed to Ca2+, when no additional bridging cations where present in solution, was
not investigated. There have been suggestions that multivalent ions can adsorb to mica in
sucient quantities to over-compensate the surface charge and lead to a charge inversion,35
however de Poel et al. 36 showed that exchange of mica with CaCl2 followed by pure water
did not lead to over-exchange of Ca2+ onto the surface. Without over-exchange it seems
unlikely that AOT would adsorp in the absence of additional bridging ions.
Relevance to low salinity oil recovery
We have already shown that the proered explanation of oil release by exchange of divalent
`bridging' ions for monovalent ions incapable of bridging is not a full description, with the
observation of monovalent Cs+ binding organic anions to mica. Here we have shown that
Cs+ is not unique in this ability as a monovalent ion but in fact the K+ ion shows the same
eect. Although not conrmed experimentally, we assume that the intermediate ion Rb+,
between K+ and Cs+, will also act as a `bridge'. This is industrially important as it provides
further evidence that the specic cations present, rather than the total salinity or monovalent
and divalent concentrations, are important for water ooding. Secondary water-ooding
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generally occurs using either sea-water or water from aquifers; in both cases potassium can
be present in concentrations at least equivalent to the calcium concentration.37 If eorts are
made to remove only the divalent ions before enhanced recovery then cations which can still
cause organic-mineral binding will still be present. We have also shown that even at cation
ratios heavily biased to the non-binding Na+ cation, small concentrations of binding ion will
still dominate, further informing the design of controlled salinity water for ooding. This
is consistent with molecular dynamics simulations which suggested that cation bridging to
montmorillonite would occur independent of salt concentration due to unhydrated cations
in the Stern layer.38
Two of the mechanisms commonly oered to explain low salinity enhanced oil recovery
are multivalent ion exchange and double layer expansion. We have shown that for the
system of the AOT anion bridged to mica by either calcium or magnesium ions, neither
of these mechanisms is required for organic release. Layers bridged by either of these ions
showed complete desorption when both the ionic strength and bridging ion concentration
were maintained constant but the organic component was removed from solution, suggesting
that the bridged organic is only weakly bound and in rapid equilibrium with the species
in the bulk solution. It is sucient to simply remove this free organic to facilitate layer
desorption. As the calcium to sodium ratio is well above the lowest ratio at which binding
was still observed, it is not the case that the increased sodium concentration out-competes
the calcium for either the AOT or the mica surface.
The sulfonate head group of the AOT anion is very strongly acidic; the pKa of the
structurally similar methanesulfonic acid is approximately -1.9.39 The pKa can be related
to the strength of binding between the anion and an associated cation. As the AOT anion
shows such stability, the binding to any cation (and therefore the cation mediated binding to
the surface) may be weaker than for an anion with a more positive pKaH. Organic carboxylic
acids, which are commonly present in crude oils,40 have signicantly higher pKa values (eg.
for acetic acid pKa = 4.839). It may be the case that if these higher pKa groups adsorb in
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a cation mediated fashion to the anionic surface, they will adsorb in a less reversible fashion
due to the stronger binding between anionic head group and cation. This would be more
comparable to the observed adsorption behaviour of cationic molecules to mica,18 which were
seen to persist even when the bulk organic was removed. The charge density of the anionic
group may also be important in determining bridging behaviour; a more charge dense group
with less delocalised charge will have a higher pKa but is also likely to be more strongly
hydrated, so it may be less favourable for these groups to lose solvation and bridge via a
cation.
We have not observed bridging interactions occurring below the CMC of the relevant
surfactant system. This is also in contrast to the case of cationics on mica where adsorption
occurred from 0.5 CMC in a complete layer,41 and provides further evidence that the strength
of binding in the system under study is signicantly weaker than for cationic surfactant
adsorption.
Conclusions
In this work we have shown that the AOT anion will bind to the anionic mica surface,
even when present as a solution of the sodium salt, when cations capable of facilitating the
binding interaction are added. We have demonstrated that as well as the common divalent
ions Ca2+ and Mg2+, the prevalent monovalent ion K+ also exhibits a binding interaction
and facilitates adsorption. The reasons for the dierences between this behaviour and that
of the Na+ ion, which does not cause binding, have been discussed and it was seen that even
at high concentration ratios of Na+ to Ca2+ (100:1) binding still occurred. The structures
of the adsorbed layers at a condition of constant ionic strength have been proposed, and we
have shown that despite maintaining ionic strength and binding ion concentration that if the
organic component is removed from solution the adsorbed layers do not persist, showing an
equilibrium between adsorbed and bulk species.
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